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Introduction {#sec001}
============

Snow algae, microalgae growing in melting snowpacks, are thought to act as primary producers in the snow ecosystem \[[@pone.0238265.ref001],[@pone.0238265.ref002]\]. *Chloromonas* (Volvocales, Chlorophyceae), a unicellular biflagellate genus, includes more than 15 snow-inhabiting species in addition to approximately 130 mesophilic species \[[@pone.0238265.ref002],[@pone.0238265.ref003]\]. Before the snowpack melts completely, the snow-inhabiting species form zygotes or asexual cysts that later enter a dormant state \[[@pone.0238265.ref001]\]. Mature zygotes and cysts accumulate orange carotenoid pigments within the cell, due to a protective reaction against excessive visible and ultraviolet light. The blooms of snow-inhabiting *Chloromonas* species color snow green if vegetative cells, planozygotes (motile zygotes), or immature cysts or aplanozygotes (nonmotile zygotes) dominate. The snow is stained orange, brown or reddish if mature aplanozygotes and/or cysts are dominant within the blooms. In Antarctica, red snow caused by vegetative cells of *C*. *rubroleosa*, which contain amount of red-pigmented oil droplets within the cell, was also reported \[[@pone.0238265.ref004]\]. These phenomena are called "colored snow" ([S1 Fig](#pone.0238265.s001){ref-type="supplementary-material"}).

To date, more than one hundred strains of *Chloromonas* originating from snow are available from public culture collections \[e.g., Culture Collection of Algae at the University of Texas at Austin \[[@pone.0238265.ref005]\], Culture Collection of Cryophilic Algae \[[@pone.0238265.ref006]\], and Microbial Culture Collection at the National Institute for Environmental Studies (NIES) \[[@pone.0238265.ref007]\]\]. Recently, several snow-inhabiting species of *Chloromonas*, such as *C*. *fukushimae*, were described based on a combination of comparative morphological analysis and molecular data of cultured materials (i.e., polyphasic approaches) \[[@pone.0238265.ref008]--[@pone.0238265.ref011]\]. However, for most species, there is insufficient information about their aplanozygotes because sexual reproduction (including aplanozygote formation) in culture was only accomplished in *C*. *tughillensis* \[[@pone.0238265.ref012]\]. *Chloromonas tughillensis* is an outcrossing species. Its sexual reproduction was induced mixing different mating types (mt+ and mt−) that were maintained under nitrogen-depletion conditions for almost three weeks and placed under blue light during the final seven days of growth \[[@pone.0238265.ref012]\]. Nitrogen-depletion and blue light are thought to be classic gamete formation triggers in freshwater green algae \[[@pone.0238265.ref013],[@pone.0238265.ref014]\]. The method also induced the sexual reproduction of a self-fertilizing snow species, *C*. *chenangoensis* \[[@pone.0238265.ref012]\]. Despite these successful inductions, aplanozygotes were not observed in the experiment. On the other hand, recent molecular data identified the aplanozygotes, or asexual cysts, of the four snow-inhabiting species (*C*. *hindakii*, *C*. *miwae*, *C*. *muramotoi*, and *C*. *krienitzii*) from field-collected materials \[[@pone.0238265.ref009],[@pone.0238265.ref011],[@pone.0238265.ref015]\].

Here, we induced the sexual reproduction of *C*. *fukushimae*, using both previously examined and newly established strains. The mating of gametes and the morphologies of planozygote and aplanozygote in this species were described, and aplanozygote morphologies were compared between *C*. *fukushimae* and the other snow-inhabiting species of *Chloromonas*. Additionally, we compared the induction rates of the gametes and the planozygotes in the sexual reproduction of *C*. *fukushimae* under nitrogen-sufficient and -deficient conditions.

Materials and methods {#sec002}
=====================

Ethics statement {#sec003}
----------------

We collected colored snow from snowpacks in Mt. Hakkoda in Towada--Hachimantai National Park and in Oze National Park. No specific permission was required because collecting snowpacks containing microalgae or other protists from national parks is not legally restricted in Japan. In addition, we confirmed the samples did not contain protected organisms.

Establishment of new strains {#sec004}
----------------------------

For this study, seven new strains of *C*. *fukushimae* were established using the pipette-washing method \[[@pone.0238265.ref016]\]. Six of the seven strains (HkCl-106, HkCl-108, HkCl-113, HkCl-117, HkCl-121 and HkCl-125) were isolated from brown snow material, collected on Mt. Hakkoda, Aomori, Japan (40°38'49.50\" N, 140°51'04.70\" E) on May 18, 2016 ([S1A Fig](#pone.0238265.s001){ref-type="supplementary-material"}). The remaining strain (OzCl-11) originated from a green snow sample from Oze National Park, Gunma, Japan (36°54'32.91\" N, 139°11'50.81\" E) on April 29, 2017 ([S1B Fig](#pone.0238265.s001){ref-type="supplementary-material"}). The new strains were identified based on their vegetative morphology. The new strains HkCl-117 and OzCl-11 were deposited in NIES \[[@pone.0238265.ref007]\] as NIES-4452 and NIES-4453, respectively. Two previously examined strains of *C*. *fukushimae* (NIES-3389 and NIES-3390) \[[@pone.0238265.ref008]\] were also used to induce sexual reproduction. The cultures were grown in screw-cap tubes (18 × 150 mm) containing 10 mL of artificial freshwater-6 (AF-6) medium (\[[@pone.0238265.ref017]\], modified according to \[[@pone.0238265.ref007]\]) at 5°C, with a light:dark cycle of 14:10 h under cool-white light-emitting diodes (color temperature = 5000 K) at 35--90 μmol m^−2^ s^−1^. The conditions were led from those in the fields from which the colored snow materials were collected.

Induction of sexual reproduction {#sec005}
--------------------------------

Sexual reproduction was induced according to the method for a mesophilic green alga *Chlamydomonas reinhardtii* (Volvocales, Chlorophyceae) \[[@pone.0238265.ref018]\], with some modifications. For comparison, the following experiments were performed using AF-6 medium (including 22 mg NH~4~NO~3~ L^−1^ and 140 mg NaNO~3~ L^−1^) \[[@pone.0238265.ref007],[@pone.0238265.ref017]\], and AFM medium \[[@pone.0238265.ref019]\] containing very little nitrogen (2.2 mg NaNO~3~ L^−1^), respectively. Each seven-day-old culture in 10 mL of AF-6 medium was centrifuged at 5°C and concentrated to approximately 0.2 mL. The culture was washed with 4 mL of AF-6 or AFM medium on ice. After re-concentration, each culture's cell density was equalized at 1.5 × 10^6^ cells mL^−1^; this emulated maximum population density in field-collected samples \[[@pone.0238265.ref001],[@pone.0238265.ref012]\]. A pair of 0.5 mL of each culture was mixed in a well of Cellstar 24-well culture plate (Greiner Bio-One, Kremsmünster, Austria) in a cold experimental room at 5°C and maintained as described above. For continuous observation, mating experiments were carried out just after the dark period.

To assign mating types (mt+ and mt−) of the examined strains, we conducted the tunicamycin sensitivity test \[[@pone.0238265.ref020]\]. Before induction of sexual reproduction, cells in each culture were treated by 2.5 μg mL^−1^ tunicamycin (Sigma-Aldrich, Missouri, USA) for overnight. Sexual reproduction of treated and untreated (positive control) cultures were induced as described above. Based on the previous study \[[@pone.0238265.ref020]\], a tunicamycin-sensitive mating type was assigned to mt+.

Morphological observation and cell counting {#sec006}
-------------------------------------------

Phase contrast microscopy of living cells was carried out in the cold experimental room, using a Zeiss Primovert inverted light microscope (Zeiss, Oberkochen, Germany) and a ScopePad-550 digital camera (Ouyan International, Shenzhen, China). Cells were fixed for counting, using 0.4% of Lugol's iodine solution, at one, two, three, four, six, eight, 10, and 12 hours after mixing the strains in the experiments started just after the dark period. Standard glutaraldehyde solutions were not used in this study since they cause the loss of flagella from cells during fixation. Using an Olympus CKX41 microscope (Olympus, Tokyo, Japan) at room temperature, the fixed cells were categorized as vegetative cells or gametes, autosporangia with daughter cells, mating pairs, and quadriflagellate planozygotes. In respective times, 400-cell counts were conducted according to the previous study \[[@pone.0238265.ref021]\]. The proportion of cell types among 100 mating pairs was also calculated at each time. We compared the induction rates and the proportion of cell types under the nitrogen-sufficient condition (AF-6) with those under the nitrogen-deficient condition (AFM), using Welch's *t* test. *P* \< 0.01 was considered significant. In addition, light and fluorescent microscopy of fixed gametes and planozygotes, and living aplanozygotes were also performed, at room temperature, using an Olympus BX51 light microscope equipped with Nomarski differential interference optics and an Olympus DP72 digital camera (Olympus). To detect lipid bodies within the cell, the aplanozygotes were stained by 1 μg mL^−1^ Nile Red for more than 48 hours at 5°C.

Results {#sec007}
=======

Sexual reproduction of *Chloromonas fukushimae* {#sec008}
-----------------------------------------------

The strains of *C*. *fukushimae* used in this study (excluding NIES-3389) showed an outcrossing feature (i.e., heterothallism) and were classified into two complementary mating types. One contained HkCl-106, HkCl-108, HkCl-113, HkCl-117, HkCl-121 and HkCl-125, and the other included OzCl-11 and NIES-3390 ([S1 Table](#pone.0238265.s004){ref-type="supplementary-material"}). The remaining strain, NIES-3389, did not cross with the other strains examined. Since mating type-specific genes such as *MID* in *Chlamydomonas reinhardtii* \[[@pone.0238265.ref022]\] have not been reported in the genus *Chloromonas*, we conducted the tunicamycin sensitivity test \[[@pone.0238265.ref020]\] to assign mt+ and mt−. Unilateral effect of inhibiting gamete interactions by tunicamycin was observed in some outcrossing species of *Chlamydomonas* \[[@pone.0238265.ref020]\] and snow-inhabiting *Chloromonas tughillensis* \[[@pone.0238265.ref012]\]. The test using the representative strains of the complementary mating types exhibited that the strain HkCl-117 was more sensitive to the inhibition of aplanozygote formation by tunicamycin treatment than the strain NIES-3390 ([Table 1](#pone.0238265.t001){ref-type="table"}). Based on the previous results \[[@pone.0238265.ref020]\], the mating type including the strain HkCl-117 was assigned to mt+ in this study.

10.1371/journal.pone.0238265.t001

###### Results of the tunicamycin treatment in the sexual reproduction of *Chloromonas fukushimae*.

![](pone.0238265.t001){#pone.0238265.t001g}

  ----------- ----------- --- ---
              NIES-3390       
  treated     untreated       
  HkCl-117    treated     −   −
  untreated   Z^−^        Z   
  ----------- ----------- --- ---

Explanation of symbols: Z, aplanozygotes were observed within 7 days; Z^−^, aplanozygotes were observed within 7 days but the number of them was fewer than that in the untreated group; −, aplanozygotes were not observed within 7 days.

In the sexual reproduction of *C*. *fukushimae*, pairing isogamous gametes with entwined flagella ([Fig 1A](#pone.0238265.g001){ref-type="fig"}) began two to three hours after mixing mt+ and mt− strains. The gametes were elongate-bean-shaped and morphologically resembled the vegetative cells \[[@pone.0238265.ref008]\]. The gametes measured 4.0--6.5 μm wide and 12.8--16.1 μm long. Each gamete lacked the eyespot. Autosporangium formation was not observed from the mixing of mt+ and mt− strains to the beginning of gamete pairing. Polyvalent gamete interactions (i.e., agglutination or clumps) was occasionally found during the experiment ([Fig 1B](#pone.0238265.g001){ref-type="fig"}), as in the sexual reproduction of some volvocalean green algae \[[@pone.0238265.ref023]\] such as mesophilic *Chlamydomonas reinhardtii* \[[@pone.0238265.ref014]\] and snow-inhabiting *Chloromonas tughillensis* \[[@pone.0238265.ref012]\]. During the sexual reproduction process, one of the gametes released its cell wall and became spherical ([Fig 1C and 1D](#pone.0238265.g001){ref-type="fig"}; [S2 Fig](#pone.0238265.s002){ref-type="supplementary-material"}). Then, the other gamete also cast off the cell wall and became spherical ([Fig 1E and 1F](#pone.0238265.g001){ref-type="fig"}). Such morphological change of gametes was also reported in snow species of *Chloromonas* \[[@pone.0238265.ref012]\] as well as in several *Chlamydomonas* species \[[@pone.0238265.ref003],[@pone.0238265.ref014],[@pone.0238265.ref024]\]. Mating papillae, or fertilization tubules, were not recognized in the gametes. Finally, the pair of two spherical gametes fused and formed a quadriflagellate planozygote ([Fig 1G and 1H](#pone.0238265.g001){ref-type="fig"}). The planozygotes were broad ellipsoidal or almost spherical, lacked an eyespot, and measured 9.5--12.5 μm wide and 10.6--15.7 μm long. Within a few days, the planozygotes lost their flagella and became aplanozygotes ([Fig 1I--1L](#pone.0238265.g001){ref-type="fig"}). The aplanozygotes were ellipsoidal, broad ellipsoidal or almost spherical with the smooth cell wall, and measured 12.3--19.1 μm wide and 14.4--22.5 μm long ([Fig 1I and 1K](#pone.0238265.g001){ref-type="fig"}). Several large lipid bodies were observed within the cell ([Fig 1J and 1L](#pone.0238265.g001){ref-type="fig"}). Within two months, the aplanozygotes accumulated orange carotenoid pigments and appeared mature ([Fig 1M and 1N](#pone.0238265.g001){ref-type="fig"}). Neither aplanozygote meiosis nor vegetative cell germination from the aplanozygotes were observed in this study.

![Sexual reproduction of *Chloromonas fukushimae*.\
Each view has identical magnification. Strains HkCl-117 (mt+) and NIES-3389 (mt−) were used. An asterisk indicates entwined flagella, and an arrowhead indicates a cell wall released from a gamete. (A) Differential interference contrast microscopy (DIC). Two elongate gametes (fixed). (B) DIC. Agglutination of three elongate gametes (fixed). (C, D) A spherical gamete and an elongate gamete. (C) Phase contrast microscopy. (D) DIC of fixed gametes. (E, F) The pairing of two spherical gametes. (E) Phase contrast micrograph. (F) DIC of fixed gametes. (G, H) Quadriflagellate planozygote resulting from the fusion of two gametes. (G) Phase contrast micrograph showing two of the four flagella. (H) DIC of a fixed planozygote. (I--L) A young aplanozygote 3 weeks after the induction of sexual reproduction, stained by Nile Red. (I) DIC of an optical section. (J) Epifluorescence image of (I). (K) DIC of a surface view. (L) Epifluorescence image of (K). (M, N) Mature aplanozygote after 3 months from the induction of sexual reproduction. (M) DIC of an optical section. (N) DIC of a surface view.](pone.0238265.g001){#pone.0238265.g001}

Time scale of mating under different nitrogen conditions {#sec009}
--------------------------------------------------------

Mating pairs ([Fig 1A--1F](#pone.0238265.g001){ref-type="fig"}) and planozygotes ([Fig 1G and 1H](#pone.0238265.g001){ref-type="fig"}) were observed under both nitrogen-sufficient (AF-6) and -deficient (AFM) conditions, after two to three or eight hours, respectively, from mixing mt+ and mt− strains ([Fig 2A](#pone.0238265.g002){ref-type="fig"}). At each time, the induction rates of mating pairs and planozygotes under the nitrogen-sufficient condition were not significantly different from those under the nitrogen-deficient condition. In addition, in each of the times, the proportion of cell types among 100 mating pairs under the nitrogen-sufficient condition did not significantly differ from that under the nitrogen-deficient condition ([Fig 2B](#pone.0238265.g002){ref-type="fig"}). Under both conditions, the rate of elongate gamete pairs ([Fig 1A](#pone.0238265.g001){ref-type="fig"}) gradually decreased from six hours after mixing strains. In contrast, the rate of spherical and elongate gamete pairs ([Fig 1C and 1D](#pone.0238265.g001){ref-type="fig"}) and that of two spherical gamete pairs ([Fig 1E and 1F](#pone.0238265.g001){ref-type="fig"}) increased from six and 10 hours, respectively, after the mix of strains.

![Observed cell types at each time in mating experiments of *Chloromonas fukushimae*.\
Strains HkCl-117 (mt+) and NIES-3390 (mt−) were used. The error bars indicate standard error (*N* = 3). N.D. means that mating pairs were not observed. (A) Observed cell types per 400 counts at each time. The numbers of vegetative cells/gametes and autosporangia with daughter cells are not shown. A pair of mating gametes was counted as one. Welch's *t* test detected no significant differences between nitrogen-sufficient (AF-6) and nitrogen-deficient (AFM) conditions throughout the experiment. (B) Observed cell types per 100 mating pairs at each time. Welch's *t* test detected no significant differences between nitrogen-sufficient (AF-6) and nitrogen-deficient (AFM) conditions throughout the experiment.](pone.0238265.g002){#pone.0238265.g002}

Discussion {#sec010}
==========

The present method for inducing sexual reproduction in *C*. *fukushimae* is much simpler than the previous method applied to *C*. *tughillensis* strains \[[@pone.0238265.ref012]\]. Although sexual reproduction of outcrossing *C*. *tughillensis* was previously induced by nitrogen starvation, our method was also able to induce sexual reproduction with aplanozygote formation in this species even under the nitrogen-sufficient condition ([S3 Fig](#pone.0238265.s003){ref-type="supplementary-material"}). Characteristics of the sexual reproduction in *C*. *tughillensis* observed in our experiment were consistent with those reported in the previous study \[[@pone.0238265.ref012]\]. Thus, this simple method is effective and may be applicable to other snow-inhabiting species of *Chloromonas*, including a self-fertilizing *C*. *chenangoensis*.

For induction of sexual reproduction in snow-inhabiting *C*. *chenangoensis* and *C*. *tughillensis*, optimal conditions of cell density, light intensity, photoperiod, and spectral composition were investigated \[[@pone.0238265.ref012],[@pone.0238265.ref021],[@pone.0238265.ref025],[@pone.0238265.ref026]\]. The previous studies demonstrated that blue light and longer photoperiods significantly increased the induction rates of sexual reproduction of both species. Since the main objective of this study is to describe the sexual reproduction of *C*. *fukushimae*, we did not seek such optimal conditions for the species. However, the present induction rates of mating pairs and planozygotes in *C*. *fukushimae* ([Fig 2](#pone.0238265.g002){ref-type="fig"}) seems not to be much different from those in *C*. *tughillensis* \[[@pone.0238265.ref012]\].

In this study, pairing of gametes in *C*. *fukushimae* was observed after two to three hours from mixing of mt+ and mt− strains ([Fig 2](#pone.0238265.g002){ref-type="fig"}). If gametogenesis was already induced prior to the experiment or the cells were constitutively gametic, it would be expected that such the gamete paring has occurred quickly after the mix of the strains. In the *C*. *tughillensis* strains maintained under nitrogen-starvation conditions for three weeks, pairing of gametes was observed after 30 minutes from the mix of mt+ and mt− strains \[[@pone.0238265.ref012]\]. Therefore, the time lag found in *C*. *fukushimae* suggests that the gametogenesis was induced by mixing with complementary mating type and/or increasing cell density. In several snow-inhabiting species of *Chloromonas*, gametes are thought to be produced via gametangium formation \[[@pone.0238265.ref012],[@pone.0238265.ref027]\]. Since new gametangium formation or multiple fission was not observed from the mix of the strains to the beginning of gamete pairing, we considered that gametes of *C*. *fukushimae* were differentiated directly from vegetative cells after the induction. Nevertheless, it is difficult to completely rule out the possibility that a part of cells in the *C*. *fukushimae* strains is constitutively gametic or produces gametes via gametangium formation prior to the experiments. Besides, the gametes of this species are morphologically indistinguishable from the vegetative cells (i.e., no gamete-specific morphological characters such as mating papillae). Therefore, further studies, such as the expression analysis focusing on homologues of gamete-specific genes in *Chlamydomonas*, are required to reveal when the gametogenesis actually occurred in *C*. *fukushimae*.

The *C*. *fukushimae* strain NIES-3389 did not cross with the other strains examined in this study ([S1 Table](#pone.0238265.s004){ref-type="supplementary-material"}). NIES-3389 cannot be distinguished from NIES-3390 (mt−) by morphological and molecular data \[[@pone.0238265.ref008]\]. We hypothesize that NIES-3389 lost the ability to reproduce sexually during subculturing. However, we cannot reject the possibility that *C*. *fukushimae* actually contains more than one sexually isolated group (i.e., syngen).

Among the snow-inhabiting species of *Chloromonas*, the aplanozygote of *C*. *fukushimae* resembles that of *C*. *tughillensis* in that it lacks cell wall ornamentations, such as flanges or spines, and has almost spherical cell shape \[[@pone.0238265.ref012]\]. However, *C*. *fukushimae* possessed multiple well-defined lipid bodies within the cell and *C*. *tughillensis* does not ([Fig 1I--1L](#pone.0238265.g001){ref-type="fig"}) ([S3F Fig](#pone.0238265.s003){ref-type="supplementary-material"}; \[[@pone.0238265.ref012]\]). The aplanozygotes of *C*. *fukushimae* and *C*. *tughillensis*, described based on cultured materials, were never reported from field-collected materials in previous studies. Thus, future studies of snow-inhabiting *Chloromonas* should confirm that experimentally cultured aplanozygotes are morphologically identical to those formed in natural environments.

As in some freshwater green algae, nitrogen-depletion is thought to be related to shifting phases in the life cycle of snow-inhabiting *Chloromonas* \[[@pone.0238265.ref001]\]. On the contrary, we demonstrated that the sexual reproduction of *C*. *fukushimae* (and *C*. *tughillensis*) could be induced even under nitrogen-sufficient conditions ([Fig 2](#pone.0238265.g002){ref-type="fig"}; [S3 Fig](#pone.0238265.s003){ref-type="supplementary-material"}). The induction rates of mating pairs and planozygotes, as well as the proportion of cell types among the mating pairs in the sexual reproduction of *C*. *fukushimae*, were similar between nitrogen-sufficient and nitrogen-deficient conditions ([Fig 2](#pone.0238265.g002){ref-type="fig"}). Although further research is required, bark and leaf litters on and near colored snow might provide nutrients, including nitrogen, for snow-inhabiting species of *Chloromonas*, during the snowmelt season \[[@pone.0238265.ref001],[@pone.0238265.ref028]\]. Such litter is frequently observed in snowpacks in Japanese mountainous areas. Therefore, sexual reproduction, regardless of nitrogen conditions, seems advantageous for outcrossing species of snow-inhabiting *Chloromonas* in temporal snowpacks since they must produce resting zygotes quickly before the snow completely melts away.

Supporting information {#sec011}
======================

###### Colored snow materials examined in this study.

\(A\) Brown snow in Mt. Hakkoda, Aomori, Japan (40°38'49.50\" N, 140°51'04.70\" E) on May 18, 2016. (B) Green snow in Oze National Park, Gunma, Japan (36°54'32.91\" N, 139°11'50.81\" E) on April 29, 2017.

(DOCX)

###### 

Click here for additional data file.

###### Morphological change in a gamete of the mating pair in *Chloromonas fukushimae*.

Serial phase contrast micrographs, with identical magnification throughout. Brightness and contrast were adjusted by Adobe Photoshop CS5 (Adobe Inc., California, USA) for showing entwined flagella (asterisks) and a cell wall which was being released from a gamete (arrowhead). Strains HkCl-117 (mt+) and NIES-3390 (mt−) were used. The times after beginning the observations were denoted at the upper right of each photograph. The mating types of gametes were not confirmed.

(DOCX)

###### 

Click here for additional data file.

###### Sexual reproduction of *Chloromonas tughillensis*.

Differential interference contrast micrographs with identical magnification throughout. Strains UTEX SNO91 (mt+) and UTEX SNO92 (mt−) were used under nitrogen-sufficient condition (AF-6 medium). Cell fixation was performed, using 0.4% of Lugol's iodine solution. An asterisk indicates entwined flagella. (A) The pairing of two elongate gametes (fixed). (B) The pairing of a spherical gamete and an elongate gamete (fixed). Note that the spherical gamete was smaller than the elongate one. (C) The pairing of a spherical gamete and an elongate gamete (fixed). Note that the spherical gamete was larger than the elongate one. (D) The pairing of two spherical gametes (fixed). (E) Quadriflagellate planozygote (fixed). Three of the four flagella are shown. (F) Mature aplanozygote, accumulating orange pigments within the cell.

(DOCX)

###### 

Click here for additional data file.

###### Results of mating experiments among strains of *Chloromonas fukushimae*.

(DOCX)

###### 

Click here for additional data file.
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**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: I Don\'t Know

Reviewer \#2: N/A

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters) (Limit 200 to 20000 Characters)

A well-performed study that adds a new sexual algal system for future analysis. A few comments are included in the ms as track changes, mostly requesting additional information

Reviewer \#2: My comments are in the attachment! I do not understand why I have to repeat here what is in my attachment and therefore you should find what you need in that document. This review process is far more cumbersome than it needs to be. I have now wasted almost an hour trying to send this review back.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: **Yes: **Ursula Goodenough

Reviewer \#2: **Yes: **Ronald Hoham

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

PONE-D-20-16498

Sexual reproduction of the snow alga Chloromonas fukushimae (Volvocales, Chlorophyceae) induced using cultured materials

PLOS ONE

Dear Dr. Matsuzaki,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

This is a very nice study. Both reviewers had some comments and suggestions in separate attachements that you may address in your revision. I also had a few comments for you to address.

1\. What is the evidence that the strains are not constitutively gametic? Was induction necessary? It would help to know what methods were tried and failed to induce gametogenesis if the cells are not constitutively gametic.

Response: In this study, pairing of gametes in Chloromonas fukushimae was observed after two to three hours from the mix of mt+ and mt− strains (revised Fig 2A of the revised manuscript). If the strains were constitutively gametic, it would be expected that pairing of gametes has occurred quickly after mixing of mt+ and mt− strains. Actually, in the C. tughillensis strains maintained under nitrogen-starvation conditions for three weeks, pairing of gametes was observed after 30 minutes from the mix of strains (Hoham et al. 2006, Phycologia 45: 326, fig 27D). Therefore, we thought that the time lag found in C. fukushimae suggests that the gametogenesis was induced by our induction method (increasing cell density and/or mixing with complementary mating type). However, we agree that our data are insufficient to completely rule out the possibility that the strains are constitutively gametic. Thus, we deleted the sentences which state that gametes of C. fukushimae seem to be differentiated directly from vegetative cells, from the Abstract and the Results of the revised manuscript (Lines 30--31, 181--182 of the Revised Manuscript with Track Changes). Instead of the sentences, we added a paragraph in the Discussion of the revised manuscript to discuss both possibilities that gametogenesis occurred during the experiment or the cells were constitutively gametic (Lines 273--292 of the Revised Manuscript with Track Changes).

2\. For the nitrogen experiment, is it possible that the nitrogen was used up during the seven day culturing procedure in both the normal and low nitrogen media, and that the reintroduction of nitrogen in the washed cells was not sufficient to suppress gametogenesis or cause de-differentiation? In other words, how conclusively can you say that gametogenesis does not require nitrogen starvation?

Response: For 7-day preculturing, we used AF-6 medium only (the manuscript was revised to describe the method accurately; Line 112 of the Revised Manuscript with Track Changes). Although we did not measure actual nitrogen amount in the medium before the experiment, we don't think that the nitrogen in the medium was used up during the period. This is because that the strains of C. fukushimae can be maintained at least 6 months under the condition with good health.

3\. Is there some conceptual reason to separate figures. 3 and 4? They seem like data from the same experiment.

Response: After reconsideration, we concluded that Figs 2B and 3B in the previous manuscript, which show the results from the mating experiments done in the dark, are not necessary for this study. Therefore, we removed them and their related sentences from the revised manuscript (Lines 134--136 of the revised manuscript with Track Changes). In the revised manuscript, Fig 3A in the previous manuscript was combined with Fig 2A and renamed Fig 2B. In the revised Fig 2, we added the results of the mating experiment at one and two hours after mixing the strains to clearly show when the pairing of gametes were observed. The caption of Fig 2 and its related sentences were also revised (Lines 133, 223, 228, 234--250, 314 of the Revised Manuscript with Track Changes).

4\. In Both Figs. 3 and 4 there are mating experiments done in the light and in the dark which yielded different outcomes, but this finding was not explicitly mentioned anywhere or discussed.

Response: Light/Dark conditions might affect the sexual reproduction of Chloromonas fukushimae, but the mechanisms were not investigated in this study. After reconsideration, we concluded that Figs 2B and 3B in the previous manuscript, which show the results from the mating experiments done in the dark, are not necessary for this study. Therefore, we removed them from the revised manuscript.

5\. Lines 153-155. It was stated that gametes develop directly from vegetative cells because autosporangia were not observed in mating reactions. Please clearly define for readers how you characterize the distinction between direct conversion of vegetative cells to gametes versus a pathway which requires autosporangia formation. I was not clear how you could rule out the possibility that an obligatory division/autospore formation step did occur as part of gametogenesis during the 7 day incubation of cultures prior to concentration for mating. In addition, please also note comment 1 above about whether this species might be constitutively gametic.

Response: If the cells of the strains constitutively produce gametes, it would be expected that pairing of gametes have occurred quickly after mixing of mt+ and mt− strains. However, in our experiments, it took two to three hours for the beginning of the pairing of gametes from the mix of the strains. Therefore, we thought that the time lag indicates that gametogenesis was induced by our method (increasing cell density and/or mixing with complementary mating type). Nevertheless, we agree that our data are insufficient to completely rule out the possibility that the strains constitutively produced gametes during the 7-day incubation. Thus, we removed the sentences which state that gametes of C. fukushimae seem to be differentiated directly from vegetative cells from the Abstract and the Results of the revised manuscript (Lines 30--31, 181--182 of the Revised Manuscript with Track Changes). Instead of the sentences, we added a paragraph in the Discussion of the revised manuscript to discuss possibilities that gametes were differentiated directly from vegetative cells, gametogenesis occurred during the experiment, or the cells were constitutively gametic (Lines 273--292 of the Revised Manuscript with Track Changes).

6\. Lines 157-8. As noted by Reviewer Goodenough, polyvalent gamete interactions (i.e. agglutination) is a well-known phenomenon in Chlamydomonas reinhardtii. It is not unusual or even necessarily mysterious to see clumps of 2+ mating cells.

Response: Based on the comments, we deleted the sentence "The significance and the subsequent ... were not clarified." from the revised manuscript (Lines 187--188 of the Revised Manuscript with Track Changes). We revised a sentence (Lines 182--187 of the Revised Manuscript with Track Changes) to mention that polyvalent gamete interactions (i.e., agglutination) observed in the sexual reproduction in C. fukushimae were similar to those in the sexual reproduction in some volvocalean green algae, such as Chlamydomonas reinhardtii.

7\. Line 115-116. I agree with the Reviewer Goodenough about adding a better description of the tunicamycin experiment. Please note that you can use this test as a way to assign mating type, but I am not sure you can "determine" mating type as there is no accepted definition of what it means to be plus or minus across different algal taxa.

Response: We described the detailed information regarding the tunicamycin sensitivity test in the Materials & Methods and the Results (Lines 120--126, 155--168 of the Revised Manuscript with Track Changes). We also transferred S2 Table of the previous manuscript showing the results of the tunicamycin sensitivity test to the main text as Table 1 (Lines 170--174, 456--457 of the Revised Manuscript with Track Changes). We completely agree with your comment that it is not sure that we can "determine" mating type by the test. Therefore, we used "assign" instead of "determine" throughout the sections of the revised manuscript (Lines 121, 126, 161, 167 of the Revised Manuscript with Track Changes).

Please submit your revised manuscript by Aug 17 2020 11:59PM. If you will need more time than this to complete your revisions, please reply to this message or contact the journal office at <plosone@plos.org>. When you\'re ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

Please include the following items when submitting your revised manuscript:

• A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). You should upload this letter as a separate file labeled \'Response to Reviewers\'.

• A marked-up copy of your manuscript that highlights changes made to the original version. You should upload this as a separate file labeled \'Revised Manuscript with Track Changes\'.

• An unmarked version of your revised paper without tracked changes. You should upload this as a separate file labeled \'Manuscript\'.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter. Guidelines for resubmitting your figure files are available below the reviewer comments at the end of this letter.

If applicable, we recommend that you deposit your laboratory protocols in protocols.io to enhance the reproducibility of your results. Protocols.io assigns your protocol its own identifier (DOI) so that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

We look forward to receiving your revised manuscript.

Kind regards,

James G. Umen, Ph. D.

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and

<https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

Response: We have ensured that our revised manuscript meets PLoS One's style requirements.

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

Comments to the Author

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: I Don\'t Know

Reviewer \#2: N/A

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The PLOS Data policy requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters) (Limit 200 to 20000 Characters)

A well-performed study that adds a new sexual algal system for future analysis. A few comments are included in the ms as track changes, mostly requesting additional information

\*\*\*\*\*Followings are the comments in the attachment from the Reviewer \#1\*\*\*\*\*

L.105: Please include information on these media in re NH4 and NO3 content; not given in ref. 18. Do you know that this strain grows on NO3 alone?

Response: We added information of NH4 and NO3 contents in AF-6 medium in the revised manuscript (Line 110 of the Revised Manuscript with Track Changes). We consider that the strains of Chloromonas fukushimae can grow on NO3 alone, since they grew in C medium (Ichimura 1971; <https://mcc.nies.go.jp/medium/ja/c.pdf>) that contains solely NO3− as nitrogen source.

L.115: This needs to be described/explained and not just given refs.

Response: We described the detailed information regarding the tunicamycin sensitivity test in the Materials & Methods and the Results (Lines 120--126, 155--168 of the Revised Manuscript with Track Changes). We also transferred S2 Table of the previous manuscript showing the results of the tunicamycin sensitivity test to the main text as Table 1 (Lines 170--174, 456--457 of the Revised Manuscript with Track Changes).

L.126--127: Meaning that all fixations used Lugol? N.B. for future reference, add some EGTA to a HEPES buffer and this shouldn't happen with glutaraldehyde.

Response: Yes, all fixations in this study were performed by Lugol's iodine solutions. We thank your kind advice and in future study, we will try to use glutaraldehyde solution with HEPES buffer plus some EGTA for cell fixation in snow Chloromonas.

L.158: Chlamydomonas frequently has "clumps" with more than two gametes that go on to fuse in pairs.

Response: Based on the comments, we deleted the sentence "The significance and the subsequent ... were not clarified." from the revised manuscript (Lines 187--188 of the Revised Manuscript with Track Changes). We revised a sentence (Lines 182--187 of the Revised Manuscript with Track Changes) to mention that polyvalent gamete interactions (i.e., agglutination) observed in the sexual reproduction in C. fukushimae were similar to those in the sexual reproduction in some volvocalean green algae, such as Chlamydomonas reinhardtii.

L.336: I tried some brightness/contrast manipulations on these figures and got better images of the flagella and wall by making the plates black and white. Suggest trying this with originals.

Response: Thank you very much for your kind advise. Based on the comments, we adjusted brightness and contrast of S2 Fig and got better images of the flagella and cell wall. We described the manipulations in the caption of S2 Fig (Lines 433--438 of the Revised Manuscript with Track Changes).

\*\*\*\*\*Above are the comments in the attachment from the Reviewer \#1\*\*\*\*\*

Reviewer \#2: My comments are in the attachment! I do not understand why I have to repeat here what is in my attachment and therefore you should find what you need in that document. This review process is far more cumbersome than it needs to be. I have now wasted almost an hour trying to send this review back.

\*\*\*\*\*Followings are the comments in the attachment from the Reviewer \#2\*\*\*\*\*

It was of great interest to have read "Sexual reproduction of the snow alga Chloromonas fukushimae (Volvocales, Chlorophyceae) induced using cultured material" by Matsuzaki et al. submitted to PLOS ONE for potential publication. This paper is very parallel and supportive to our publications on sexual reproduction in the snow algae, Chloromonas (Cr.) tughillensis, with many similar findings and some interesting differences. We published three papers on sexual reproduction in Cr. tughillensis of which two are cited. The third paper (published as Cr. sp.-D, the former name of Cr. tughillensis) on the effects of irradiance levels and spectral composition was published in Hydro. Process. 12:1627-39 (1998), and it would add to the Discussion if the authors included information from that paper in addition to the other two papers.

Response: Since the main objective of our study is to describe the sexual reproduction of Chloromonas fukushimae, we did not seek the optimal conditions of cell density, light intensity, photoperiod, and spectral compositions for inducing sexual reproduction of this species. Based on the comments, we added a paragraph in the Discussion section of the revised manuscript (Lines 264--272 of the Revised Manuscript with Track Changes) to mention what kinds of parameters were examined in the previous studies for optimization of inducing mating in C. chenangoensis and C. tughillensis.

I was very encouraged to see the authors using an experimental laboratory design to answer questions about snow algae, something that needs to be done more. The information presented here should be published as so little is know about the transformation of gametes from one shape to another in any species of Chloromonas or Chlamydomonas alone snow algae. This manuscript also lends support that Chloromonas in snow may have similar mating strategies and behaviors in different species.

I will comment by manuscript line:

Line 46: Cr. rubroleosa causes red snow in Antarctica and you many want to add this here (Ling & Seppelt, 1993).

Response: We added the sentence which mentions red snow in Antarctica caused by the vegetative cells of C. rubroleosa, with citation of the reference (Lines 49--51 of the Revised Manuscript with Track Changes).

Lines 99-100: Why were photoperiods of 14:10 L:D and a Cool White irradiance level of 35-90 umol used? Did these correspond to readings from the field?

Response: Yes. Although we did not directly measure the photoperiod and light intensity of the field from which C. fukushimae samples were collected, the light:dark cycle and the light intensity in this study fall within those of the field data that we collected colored snow materials. We added the explanation in the revised manuscript (Lines 103--104 of the Revised Manuscript with Track Changes).

Lines 122 and 126: They used Lugol's solution as a fixative; we used 4% osmium tetroxide. We both had problems with glutaraldehyde causing flagella to fall off. We also had similar problems with Lugol's so we used osmium.

Response: In our observation, enough cells of snow Chloromonas seemingly kept their flagella after fixation by Lugol's solution. We also tried using 4% osmium tetroxide for cell fixation of snow Chloromonas; however, we could not find apparent differences between osmium tetroxide and Lugol's solutions. In addition, it is difficult for us to use OsO4 frequently for cell fixation, due to its volatile and toxicity.

Line 147: Very interesting that strain NIES-3389 did not cross with either of the other strains. Always the unexpected when working with snow algae.

Response: Since the strain NIES-3389 was used for the holotype of Chloromonas fukushimae (Matsuzaki et al. 2014, Phycologia 53: 297), this unexpected event is also important taxonomically.

Line 159: Just like what happened in Cr. tughillensis that oblong gametes shedding their cell walls result in spherical gametes.

Response: Yes. We added the sentence in the revised manuscript (Lines 191--192 of the Revised Manuscript with Track Changes) to mention that such morphological change of gametes was reported in C. tughillensis.

Line 169: Zygotes in both Cr. fukushimae and Cr. tughillensis produce orange carotenoids in the lab experiments.

Response: Yes, the zygotes of the two species produce and accumulate orange carotenoids within the cell in the lab experiments.

Lines 196-200: Very interesting comparison between the two species that both produce spherical gametes from oblong gametes through time when the wall is shed from the oblong gametes. However, there is a difference between the two species. In Cr. fukushimae, the oblong gametes remain dominant through the experiments even after spherical gametes appear whereas in Cr. tughillensis, spherical gametes become dominant after they appear (Hoham et al. 2006, p. 327, Figs. 28-29). Also see Hoham et al. 2006, p. 329, where this phenomenon of change from oblong to spherical gametes appears in species of Chlamydomonas.

Response: Since induction methods are different between C. tughillensis and C. fukushimae, we did not mention the differences regarding the ratio of oblong and spherical gametes in the revised manuscript. We added the sentence in the revised manuscript (Lines 191--192 of the Revised Manuscript with Track Changes) to mention that such morphological change of gametes was reported in snow species of Chloromonas as well as in some Chlamydomonas species.

Lines 208-9: For Cr. tughillensis, mating experiments were started just after the dark period, which is opposite of what was done for Cr. fukushimae.

Response: We conducted two types of mating experiments for C. fukushimae: one was started just after the dark period as that for C. tughillensis and the other was started just before the dark period. Light/Dark conditions seem to affect the sexual reproduction of C. fukushimae, but the mechanisms were not investigated in this study. After reconsideration, the description regarding the mating experiment done in the dark was removed from the revised manuscript (Lines 134--136 of the revised manuscript with Track Changes). In addition, Figs 2B and 3B in the previous manuscript, which show the results of the mating experiment done in the dark, were also removed from the revised manuscript. Fig 3A in the previous manuscript was combined with Fig 2A and renamed Fig 2B. In the revised Fig 2, we added the results of the mating experiment at one and two hours after mixing the strains to clearly show when the pairing of gametes were observed. The caption of Fig 2 and its related sentences were also revised (Lines 133, 223, 228, 234--250, 314 of the Revised Manuscript with Track Changes).

Lines 244-7: Interesting that no differences occurred in experiments with or without nitrogen. We did not test this for Cr. tughillensis as we used only nitrogen depleted cultures.

Response: To state that the sexual reproduction of C. tughillensis was also induced even under nitrogen-sufficient condition, we revised the sentences in the Discussion and the caption of S3 Fig (Lines 254--260, 443--444 of the Revised Manuscript with Track Changes).

Lines 250-4: Interesting comments about leaf litter on snow as potential sources of nutrients for snow algae as has been shown in previous lab experiments.

Response: We cited an additional reference of the previous lab experiments (Hoham et al. 2008, Nova Hedwigia 86: 133--140) in the revised manuscript (Line 317 of the Revised Manuscript with Track Changes).

Fig. 1: I would have found this much easier to follow if A, B, C, and D could have been the top row and D, E, F, and G the second row, etc. reading from left to right. Their Fig. 1B is very similar to what we showed for Cr. tughillensis (Hoham et al. 2006, Fig. 20).

Response: We re-arranged Fig 1B--1N based on the comments.

Figs. 2-3A: How were samples removed through the dark period to avoid light entering the experiments?

Response: The samples were placed within the cold experimental room without any windows, and we did not operate the samples through the dark period. However, we removed the descriptions of the experiments done in the dark period from the revised manuscript (Lines 134--136 of the revised manuscript with Track Changes).

S3: I was very reassured that when they repeated our mating experiments for Cr. tughillensis, they got similar results including all three mating configurations (Figs. A, C, and D) and orange carotenoids in the zygotes (Fig. F).

To strengthen the Discussion, I suggest to summarize and compare both species as to what is known about them to induce mating as observed in laboratory studies. In the data presented here it does not make any difference whether nitrogen is present or absent as there were no significant differences in matings. This was not done for Cr. tughillensis. For Cr. tughillensis, it is known that blue light (Hoham at al. 1998) and longer photoperiods (Hoham et al. 2000) significantly increase matings and sexual reproduction. For both Cr. tughillensis and Cr. chenangoensis, irradiance levels used in laboratory mating experiments corresponded to what was recorded in the field and what was found in the laboratory to be optimal. Photoperiods used were what was recorded in the field at time of appearance in snow, which was not optimal for either Cr. tughillensis or Cr. chenangoensis (Hoham et al. 2000, 2006).

Response: Since the main objective of our study is to describe the sexual reproduction of C. fukushimae, we did not seek the optimal conditions of cell density, light intensity, photoperiod, and spectral compositions for inducing sexual reproduction of this species. We added the paragraph in the Discussion section of the revised manuscript (Lines 264--272 of the Revised Manuscript with Track Changes) to mention what kinds of parameters were examined in the previous studies for optimization of inducing mating in C. chenangoensis and C. tughillensis.

\*\*\*\*\*Above are the comments in the attachment from the Reviewer \#2\*\*\*\*\*

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

6\. PLOS authors have the option to publish the peer review history of their article (what does this mean?). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

Do you want your identity to be public for this peer review? For information about this choice, including consent withdrawal, please see our Privacy Policy.

Reviewer \#1: Yes: Ursula Goodenough

Reviewer \#2: Yes: Ronald Hoham

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email PLOS at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Sexual reproduction of the snow alga Chloromonas fukushimae (Volvocales, Chlorophyceae) induced using cultured materials

PONE-D-20-16498R1

Dear Dr. Matsuzaki,

We're pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it meets all outstanding technical requirements.

Within one week, you'll receive an e-mail detailing the required amendments. When these have been addressed, you'll receive a formal acceptance letter and your manuscript will be scheduled for publication.

An invoice for payment will follow shortly after the formal acceptance. To ensure an efficient process, please log into Editorial Manager at <http://www.editorialmanager.com/pone/>, click the \'Update My Information\' link at the top of the page, and double check that your user information is up-to-date. If you have any billing related questions, please contact our Author Billing department directly at <authorbilling@plos.org>.
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